Introduction
============

Acute promyelocytic leukemia (APL) with promyelocytic leukemia (PML)-retinoic acid receptor α (RARA) gene fusion, a distinct subtype of acute myeloid leukemia (AML) accounting for \~10% of cases ([@b1-etm-0-0-7091]). The PML-RARA fusion is hypothesized to serve a vital role in the pathogenesis of APL. Usually, patients with APL with the PML-RARA fusion gene are sensitive to molecular target-based agents, including all-trans retinoic acid (ATRA) and arsenic trioxide (ATO).

The fusion gene usually results from classical t(15;17)(q24;q12) rearrangements. However, a minority of APL cases actually lacks this classical chromosomal aberration and is additionally associated with the formation of the PML-RARA fusion gene. APL cases lacking classical t(15;17) arise from insertion events or more complex rearrangements, and the latter account for 10% of APL lacking classical t(15;17) ([@b2-etm-0-0-7091]). Due to its rarity, the outcome of complex translocations has remained to be characterized.

Analysis of these complex translocations is of great interest, as they may occur in clusters around particular chromosomal bands. These rare translocations may provide insight that may be useful for identifying novel gene rearrangements in APL. In the present study, a case report of a patient with APL harboring three-way translocations in a complex karyotype that was determined by molecular cytogenetic approaches is provided.

Case report
===========

### Case presentation

A 37-year-old man was admitted to the Second Hospital of Jilin University (Changchun, China) in September 2014. He had an intermittent fever and a sore throat for 6 days, as well as a nosebleed for 2 days and hematuria for 1 day. A complete blood examination demonstrated a hemoglobin (Hb) count of 104 g/l (normal range, 115--150 g/l), a white blood cell (WBC) count of 45.8×10^9^/l (normal range, 3.5--9.5×10^9^/l) with 89% blasts and a platelet count of 10×10^9^/l (normal range, 125--350×10^9^/l). Coagulation tests identified a prothrombin time of 16.0 sec (normal, 9.4--12.5 sec), a normal prothrombin international ratio of 1.35 (normal, 0.8--1.2), a prothrombin activity of 61% (normal, 80--150%), an activated partial thromboplastin time of 33.6 sec (normal, 22.0--42.0 sec), a fibrinogen level of 1.31 g/l (normal, 2.0--4.0 g/l) and a D-dimer of 57.20 µg/ml (normal, 0--1.0 µg/ml). The patient had no hepatosplenomegaly.

### Morphologic analysis

Analysis of the bone marrow (BM) aspirate demonstrated a markedly hypercellular marrow with the absence of megakaryocytes and 88% abnormal promyelocytes. Cytochemical staining of the BM aspirate specimen was performed as described previously ([@b3-etm-0-0-7091]), at room temperature. The film preparation was covered with sufficient 0.3% benzidine solution (Baso Biotech Co., Ltd., Wuhan, China) for 1 min. An equal amount of 0.03% H~2~O~2~ solution (Baso Biotech Co., Ltd.) was added. After 4--5 min, the stained smears were washed with tap water. The smears were counterstained with Wright-Giemsa solution (Baso Biotech Co., Ltd.) for 10 min. The results demonstrated that the abnormal promyelocytes were strongly positive for myeloperoxidase. However, analyses of esterases were not performed. The core biopsy, which consisted of sheets of abnormal promyelocytes, of the bone marrow demonstrated a cellularity of \>95%.

### Flow cytometry

A total of 50 µl bone marrow (1×10^6^ cells) and antibodies (listed below) were added to four test tubes at room temperature for 15 min in the dark. Optilyse C lysing solution (cat. no. 349202; BD Biosciences, San Jose, CA, USA) was added to the tubes for 10 min at room temperature in the dark. Then, 1 ml PBS was added to three of the tubes, which were centrifuged at 300 × g for 5 min; the supernatant was removed and then the cells were washed with PBS. PBS (500 µl) was added to the three tubes and the samples were incubated with the following antibodies: Fluorescein isothiocyanate (FITC)-conjugated anti-CD15 (cat. no. 332778), R-phycoerythrin (PE)-conjugated anti-CD117 (cat. no. 340529), PerCP-Cy^™^ 5.5-conjugated anti-CD34 (cat. no. 347203), PE-conjugated anti-CD13 (cat. no. 347837), PerCP-Cy5.5-conjugated anti-CD19 (cat. no. 340951; all 1:25), allophycocyanin (APC)-H7-conjugated anti-HLA-DR (cat. no. 641393), BD Horizon^™^ V450-conjugated anti-CD38 (cat. no. 646851), V450-conjugated anti-CD11b (cat. no. 560480), APC-conjugated anti-CD4 (cat. no. 340443), APC-H7-conjugated anti-CD14 (cat. no. 641394), V500-conjugated anti-CD45 (cat. no. 560777; all 1:100), PE-Cy7-conjugated anti-CD33 (cat. no. 333946; 1:50; all BD Biosciences), PE-Cy7-conjugated anti-CD123 (cat. no. 306010), APC-conjugated anti-CD7 (cat. no. 343108; both Biolegend, Inc., San Diego, CA, USA), APC-conjugated anti-CD56 (cat. no. IM2474; all 1:50), FITC-conjugated anti-CD64 (cat. no. IM1604U), FITC-conjugated anti-CD36 (cat. no. IM0766U), PE-conjugated anti-CD10 (cat. no. A07760; all 1:25), PE-Cy7-conjugated anti-CD20 (cat. no. IM3629U; 1:100; Beckman Coulter, Inc., Brea, CA, USA). The first test tube was contained anti-CD15, anti-CD117, anti-CD34, anti-HLA-DR, anti-CD38, anti-CD45, anti-CD33 and anti-CD7 antibodies. The second test tube was contained anti-CD64, anti-CD56, anti-CD13, anti-CD34, anti-HLA-DR, anti-CD45, anti-CD11b and anti-CD123 antibodies. The third test tube was contained anti-CD36, anti-CD10, anti-CD20, anti-CD19, anti-CD4, anti-CD14, anti-CD38 and anti-CD45 antibodies.

The sample in the fourth test tube was incubated with 100 µl intraprep permeabilization reagent A (cat. no. 641776; BD Biosciences) for 5 min at room temperature. Following the centrifugation of the fourth test tube at 300 × g for 5 min at room temperature, the supernatant was removed. A total of 50 µl intraprep permeabilization reagent B and 20 µl cytoplasmic antibodies (listed below) were added to the tube and agitated for 15 min. PBS (1 ml) was added to the tube, which was centrifuged at 300 × g for 5 min at room temperature, then the supernatant was removed. PBS (500 µl) was added to the fourth test tubes and the samples were incubated with the following antibodies: FITC-conjugated TDT (cat. no. F7139), PE-conjugated MPO (cat. no. R7209; both Dako; Agilent Technologies, Inc., Santa Clara, CA, USA), PE-Cy7-conjugated anti-CD2 (cat. no. 335786; all 1:50), PerCP-Cy5.5-conjugated anti-CD5 (cat. no. 341109), PerCP-Cy5.5-conjugated anti-CD9 (cat. no. 341649), APC-H7-conjugated anti-CD3 (cat. no. 641397), V450-conjugated anti-cCD3 (cat. no. 558117), V500-conjugated anti-CD45 (cat. no. 560777; all 1:100; BD Biosciences), APC-conjugated anti-CD79a (cat. no. 333506; 1:50; Biolegend, Inc.). All four samples were then examined using a BD FACSCanto II flow cytometer and the data were analyzed using BD FACSDIVA^™^ 6.1.3 software (both BD Biosciences). The results demonstrated that the samples were positive for CD13, CD33 and myeloperoxidase (MPO), and some cells expressed CD38, CD64 and CD117.

### Molecular analysis

The PML-RARA rearrangement was confirmed by reverse transcription-qualitative polymerase chain reaction (RT-qPCR). Total RNA was extracted from bone marrow samples using TRIzol reagent (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA). Complementary DNA was synthesized using the total RNA, random hexamer primers (cat. no. 3801), dNTP mixture, 5X M-MLV buffer and reverse transcriptase M-MLV (cat. no. 2641Q; both Takara Bio, Inc., Otsu, Japan). The conditions for reverse transcription reaction consisted of 10 min at 30°C, 60 min at 42°C, 15 min at 70°C, and 4°C indefinitely. Subsequently, a qPCR analysis was performed using Premix Ex Taq^™^ (cat. no. RR390A; Takara Bio, Inc.), and the following primers: PML-RARA forward, 5′-CCGTCATAGGAAGTGAGGTCT-3′ and reverse, 5′-GGCTGGGCACTATCTCTTCA-3′; and GAPDH forward, 5′-AATGGAAATCCCATCACCATCT-3′ and reverse, 5′-CATCGCCCCACTTGATTTTG-3′. The thermocycling conditions were as follows: An initial denaturation at 95°C for 10 min, followed by 40 cycles at 95°C for 15 sec and 58°C for 40 sec on the Applied Biosystems 7500 Fast PCR System (Thermo Fisher Scientific, Inc.). The values were normalized to GAPDH transcript levels and expressed as a ratio of PML-RARA to GAPDH by absolute quantification method ([Table I](#tI-etm-0-0-7091){ref-type="table"}). The results demonstrated that only the short-type chimeric transcript was expressed, while RARA-PML was not expressed. The patient was positive for FMS related tyrosine kinase 3 internal tandem duplication (FLT3-ITD) gene mutation, which was detected as previously described ([@b4-etm-0-0-7091]).

### Treatment

Based on these results, a diagnosis of APL with PML-RARA was made. The patient started induction therapy with oral ATRA \[40 mg/(m^2^day)\], intravenous ATO \[10 mg/(m^2^day)\] and cytarabine \[200 mg/(m^2^day)\] treatment. On the 3rd day after therapy initiation, the WBC count reached 61.8×10^9^/l with double lower limb edema and bone pain syndrome, which are symptoms of APL differentiation ([@b5-etm-0-0-7091]). Subsequently, the oral ATRA therapy was stopped and the patient received treatment with dexamethasone (10 mg for 3 days) and daunorubicin (20 mg for 3 days); the APL differentiation symptoms gradually disappeared. The patient repeatedly received ATRA induction therapy; the WBC count gradually decreased to a normal count. The patient received intrathecal dexamethasone (10 mg) and cytarabine (50 mg) treatment for prevention. The patient demonstrated hematological recovery after 39 days. A complete hematological remission was achieved and BM aspiration demonstrated a regenerating marrow without morphologic evidence of the malignant disease. The patient was negative for PML-RARA fusion gene. The patient in complete remission (CR) received consolidation courses every month, with no recurrence for 4 years to date.

### Conventional cytogenetic analysis and fluorescence in situ hybridization (FISH)

The BM sample of the patient was analyzed for metaphase karyotyping by G-banding after 48 h of unstimulated culture. Of the 20 metaphase cells examined using CytoVision system (Leica Microsystems, San Jose, CA, USA), an apparent complex translocation was identified, which involved chromosome 1 in addition to chromosomes 15 and 17 with breakpoints at 1q21, 15q24 and 17q21. No other consistent structural or numerical abnormalities were detected ([Fig. 1](#f1-etm-0-0-7091){ref-type="fig"}). To confirm this complex chromosomal rearrangement and determine the diagnosis, FISH was performed using the Vysis dual-color, dual-fusion probe (Abbott Laboratories, Abbott Park, IL, USA) according to the manufacturer\'s protocol. The cells were counterstained with DAPI II in the dark at −20°C for 30 min prior to observation. Fluorescent signals were visualized using a fluorescence microscope at a magnification of ×1,000. Typically, in APL with PML-RARA, two yellow signals, one red and one green signal are visible, which indicate the classical t(15;17). In the patient, 392 out of 400 cells (98%) exhibited two red signals, two green signals and one yellow fusion signal ([Fig. 2](#f2-etm-0-0-7091){ref-type="fig"}), which were the result of the complex translocation. Taken together, the cytogenomic findings can be described as: 46,XY, t(1;17;15)(q21;q21;q24)\[20\].nuc ish(PML, RARA)×3(PML con RARAx1)\[400\].

Discussion
==========

To date, to the best of our knowledge, 46 cases with complex translocation have been previously reported ([@b6-etm-0-0-7091]--[@b8-etm-0-0-7091]). Among these, only four cases of three-way translocations involved chromosome 1, and the breakpoint occurred at 1p31, 1p32, 1p36 and 1q23 ([Table II](#tII-etm-0-0-7091){ref-type="table"}) ([@b2-etm-0-0-7091],[@b9-etm-0-0-7091]--[@b11-etm-0-0-7091]). The present study identified the fifth case of APL harboring a three-way translocation involving chromosome 1;17;15. The clinical characterization of the five cases of APL with t(1;17;15) is summarized in [Table II](#tII-etm-0-0-7091){ref-type="table"}. All of the patients were male and the median age at diagnosis was 42 years. No distinct clinical features were observed in APL with complex translocation regarding the three-way t(1;17;15) translocation.

According to karyotyping and FISH analysis, the complex translocation in the present study may be described as follows: 15q24 translocated to 1q21; a small piece of chromosome 17 (17q21) translocated to 15q24; and 1q21 connected to 17q21 that was located in der(15)(q24). As a result of the genomic rearrangement, a part of the PML gene (labeled in red) is present on the derivative of chromosome 1 and a part of the RARA gene (labeled in green) is present on the derivative of chromosome 17. In addition, one yellow signal, one red and one green signal indicates the PML-RARA fusion on the derivative of chromosome 15, and the normal chromosomes 15 and 17, respectively ([Fig. 3](#f3-etm-0-0-7091){ref-type="fig"}). Correspondingly, FISH identified two red signals, two green signals and one yellow signal.

The association between complex translocations and classical t(15;17) remains elusive. Previous studies hypothesized that the complex translocation possibly evolves from the classical t(15;17) ([@b7-etm-0-0-7091],[@b12-etm-0-0-7091]). However, as a cell with t(15;17) alone was not identified, the results of the present suggested that all of the events happened at the same time and not in two steps. A recent study proposed a non-homologous chromosome recombination model as one of the mechanisms that results in chromosome translocations in leukemia ([@b13-etm-0-0-7091]). It is noteworthy that the breakpoint in the present case occurred in a novel area of the long arm of chromosome 1, 1q21. The breakpoint 1q21 has been identified in AML, predominantly involving two different chromosome translocations. The first was described in a patient with AML with t(1;11)(q21;q23), which leads to the fusion gene MLL-AF1q ([@b14-etm-0-0-7091],[@b15-etm-0-0-7091]), and the second was described in a 1-year-old patient with AML with t(1;21)(q21;q22), which leads to the fusion gene runt-related transcription factor 1-zinc finger protein (ZNF)687 ([@b16-etm-0-0-7091]). Whether the AF1q or ZNF687 gene is located at the breakpoint and forms a fusion gene in the present case requires clarification.

The incidence of FLT3-ITD mutations in APL is 12--38% ([@b17-etm-0-0-7091]). FLT3-ITD mutations are associated with higher Hb and WBC levels, as well as short-type PML-RARA fusion transcripts at diagnosis. Hb\>9.6 g/dl and WBC≥20×10^9^/l are important factors for predicting the presence of presence FLT3-ITD according to a multivariate analysis ([@b18-etm-0-0-7091],[@b19-etm-0-0-7091]). The results of the present study are consistent with those of the aforementioned study ([@b18-etm-0-0-7091]), supporting the hypothesis that carriers of FLT3-ITD constitute a biologically distinct group of patients with APL. Previous studies have demonstrated that FLT3-ITD in APL has an adverse prognostic value ([@b17-etm-0-0-7091],[@b19-etm-0-0-7091]). Of note, two previous independent studies demonstrated that the addition of ATO to frontline therapy overcomes the impact of previously described adverse prognostic factors, including FLT3-ITD mutations ([@b20-etm-0-0-7091],[@b21-etm-0-0-7091]). The patient of the present study received treatment with ATO during induction and consolidation courses, with no recurrence for 3 years to date. The outcome of this case is consistent with the results of the aforementioned studies ([@b20-etm-0-0-7091],[@b21-etm-0-0-7091]).

The majority of previous studies observed no difference in clinical outcome between APL with typical t(15;17) and APL with complex translocations ([@b22-etm-0-0-7091],[@b23-etm-0-0-7091]). The results of the present study are consistent with those of previous studies, supporting the hypothesis that the presence of the PML-RARA fusion gene is crucial for achieving the best response to ATRA ([@b24-etm-0-0-7091]--[@b26-etm-0-0-7091]). In previous studies, APL with complex translocations, including four cases of three-way translocations involving chromosome 1, appears to be associated with poor prognosis, which may be due to the absence of targeted therapies ([@b27-etm-0-0-7091]--[@b29-etm-0-0-7091]). Additional genomic alterations besides the PML-RARA fusion may be implicated in the heterogenicity of therapy outcomes in APL.

In conclusion, the present study was the first, to the best of our knowledge, to identify a novel breakpoint in chromosome 1 in an adult patient with APL using FISH. Furthermore, at the 3-year follow-up, a good response to the combined treatment with ATRA and ATO was revealed, as is observed in typical APL. The significance of complex translocations in APL with PML-RARA requires further investigation.
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![G banded karyotype analysis revealed a complex translocation involving chromosome 1;17;15. The arrows indicate the breakpoints on 1q21,15q24 and 17q21.](etm-17-02-1360-g00){#f1-etm-0-0-7091}

![FISH analyses of the patient. Interphase FISH demonstrated a fusion signal pattern of chromosome 15 and 17 in the patient. The PML gene in the chromosome 15 is labelled red, the RARA gene in the chromosome 17 is labelled green and the PML-RARA fusion gene is labelled yellow. Cells were counterstained with DAPI II. Magnification, ×1,000. FISH, fluorescence *in situ* hybridization; PML, promyelocytic leukemia; RARA, retinoic acid receptor α.](etm-17-02-1360-g01){#f2-etm-0-0-7091}

![Schematic presentations of karyotyping and fluorescence *in situ* hybridization analyses for complex translocations. 15q24 lous (promyelocytic leukemia gene) is indicated by a red bar and 17q21 lous (retinoic acid receptor α gene) is indicated by a green bar. Chr, chromosome; N, normal; der, derivative; R, red signal; G, green signal; Y, yellow; cen, centromere.](etm-17-02-1360-g02){#f3-etm-0-0-7091}

###### 

Reverse transcription-qualitative polymerase chain reaction analysis results.

  Test                      Results
  ------------------------- ----------
  PML-RARA (Long-type)      Negative
  PML-RARA (Variant-type)   Negative
  PML-RARA (Short-type)     Positive
  PML-RARA (copy numbers)   186,700
  GAPDH (copy numbers)      183,500
  PML-RARA/GAPDH            101.74%

The cut-off for the number of PML-RARA transcripts was 50.

###### 

Clinical characterization of previously reported acute promyelocytic leukemia cases harboring a three-way translocation involving chromosome 1;17;15.

  Author (year)                 Sex   Age (years)   WBC (×109/l)   Hb (g/l)   DIC   FAB   Karyotype                                                                                                                      PML-RARA fusion gene   Treatment                 Relapse   Survival (months)   Breakpoints on chromosome 1   (Refs.)
  ----------------------------- ----- ------------- -------------- ---------- ----- ----- ------------------------------------------------------------------------------------------------------------------------------ ---------------------- ------------------------- --------- ------------------- ----------------------------- -----------------------
  Present study                 M     37            45.8           109        No    M3    46, XY, der(1)t(1;17) (q21;q21)t(15;17) (q24;q21),der(15)t(15;17)t(1;17), der(17)t(15;17)t(1;17)\[20\]                         Short type             ATRA+ATO+Ara-C            No        \>48                1q21                          NA
  Grimwade (2000)               M     NA            NA             NA         NA    M3    46,XY,t(1;17;15)(p32;q21;q22)/46, idem, add(21)(p13)/46, XY                                                                    Short type             NA                        NA        NA                  1p32                          ([@b2-etm-0-0-7091])
  Osella (1991)                 M     46            0.7            NA         Yes   M3    46,XY/46,XY, t(1;15;17)(p36; q22;q21.1)/46,XY, t(1;15;17) (p36;q22;q21.1),+8                                                   NA                     Ara-C+daunorubicin        Yes       \>11                1p36                          ([@b9-etm-0-0-7091])
  Park and Fairweather (1996)   M     46            4.9            94         Yes   M3    46,XY/46, XY, del(1)(p22), del(3)(p25),der(17)t(1;15;17) (17pter→17q21::15q21→ 15q22::1p36→1p31::15q21→ 15q22::17q21→17pter)   NA                     ATRA+Ara-C+daunorubicin   Yes       9                   1p31                          ([@b10-etm-0-0-7091])
  Galieni (1996)                M     41            NA             NA         NA    M3    46,XY, t(1;17;15) (q23;q23;q22)/47,idem, +10                                                                                   NA                     ATRA+C                    No        \>8                 1q23                          ([@b11-etm-0-0-7091])

M, male; NA, not available; FAB, French-American-British classification of acute leukemia; DIC, disseminated intravascular coagulation; C, chemotherapy; ATRA, all-trans retinoic acid; ATO, arsenic trioxide; Ara-C, cytarabine; Hb, hemoglobin; WBC, white blood cells; PML-RARA, promyelocytic leukemia-retinoic acid receptor α.
